We have identified a ligand-independent mechanism whereby the tumor suppressor, TP53, induces nerve growth factor receptor, NTRK1, phosphorylation at Y674/Y675 (NTRK1-pY674/pY675), via the repression of the NTRK1-phosphatase, PTPN6. This results in suppression of breast cancer cell proliferation. In this investigation, we aimed to establish whether perturbation of the wild-type TP53-NTRK1-pY674/pY675-PTPN6 pathway has an impact on disease-free survival of breast cancer patients without neo-adjuvant treatment. A total of 308 tumor samples were stained for NTRK1, NTRK1-pY674/pY675, PTPN6, and TP53 expression. Association between expression levels and disease-free survival was determined by the univariate/multivariate and Kaplan-Meir methods of analysis. DNA from tumors was sequenced to identify mutant or wild-type TP53. Tumors expressing NTRK1-pY674/pY675 but with undetectable or low levels of PTPN6 and TP53 were associated with prolonged 5, 10, and 15 years' disease-free survival by 48%, 36%, and 37%, respectively, in the multivariate analysis (Po0.05). A similar result was observed in tumors expressing wild-type TP53, NTRK1-pY674/pY675, and low or undetectable levels of PTPN6. Given that estrogen receptor-positive breast cancers encode wild-type TP53, we analyzed this expression pattern in these tumors. Multivariate analysis showed that it was significantly and independently predictive of prolonged survival by 66%, 70%, and 84%, respectively, (Po0.05). The Kaplan-Meir method demonstrated that NTRK1-pY674/pY675 together with undetectable or low levels of PTPN6 correlated with 59% probability of disease-free survival (median survival 15 years), compared with 7% probability of disease-free survival (median survival 4.5 years) when absent. In luminal A tumors, the presence of this pattern was estimated to have a 61% probability of disease-free survival (median survival 15 years), compared with 6% probability of disease-free survival (median survival 3 years) when it was absent. These results strongly suggest that expression of NTRK1-pY674/pY675 together with wild-type TP53 and low levels of PTPN6 expression are predictors of improved disease-free survival and that they could be useful biomarkers to predict clinical outcome. Breast cancer is a leading cause of early mortality among women. 1 The incidence varies worldwide, with developed countries having higher rates than developing countries. 1,2 Although the rate of breast cancer has continued to increase, 3 mortality rates have decreased, partly due to the enhanced use of diagnostic and screening techniques. 4, 5 
activation and phosphorylation of several tyrosines (Y490, Y670, Y674, Y675, and Y785). 15, 16 This induces signal transduction pathways leading to proliferation, apoptosis, survival, or differentiation in a cell-or tissue-specific manner. 15, 16 Interestingly, in breast cancer, NTRK1 is present in all tumors, and high levels of mRNA expression are associated with good prognosis and increased patient survival. 6 Paradoxically, in breast cancer cells and cell lines, nerve growth factor can stimulate NTRK1 to induce cell proliferation and metastasis 7, 8 and nerve growth factor expression has been associated with poor prognosis. 8, 9 The tumor suppressor and transcription factor, TP53, induces differentiation, apoptosis, or cell cycle arrest by regulating transcription via protein complexes such as TBP and NF-Y. [17] [18] [19] Given that TP53 has nuclear localization and exclusion signals, TP53 has nuclear and/or cytoplasmic localization. 20 Interestingly, although the incidence of TP53 mutation in breast cancer is 20-30%, [10] [11] [12] [13] tumor cells and cell lines show wild-type TP53 preferentially located in the cytoplasm, suggesting cytoplasmic sequestration as a possible mechanism of abolishing its tumor suppressor activity. 21, 22 PTPN6 is a tyrosine phosphatase expressed in hematopoietic and non-hematopoietic tissue and dephosphorylates receptor tyrosine kinases including CSF-1 and TCR, and receptor-associated proteins. 23, 24 Importantly, PTPN6 is a NTRK1-phosphatase that dephosphorylates tyrosines 674 and 675 (Y674/Y675) of NTRK1. 25 In breast cancer, PTPN6 is upregulated and preferentially located in the cytoplasm of tumor cells, and high expression has been associated with poor patient prognosis. 26, 27 A novel mechanism for nerve growth factor-independent NTRK1 activation has been demonstrated. We have shown that in breast cancer wild-type TP53 represses PTPN6 expression via the PTPN6 proximal-P1 promoter and the NF-Y transcription factor. Repression of PTPN6 expression induces phosphorylation of NTRK1 at Y674/Y675, leading to nerve growth factor-independent NTRK1 activation. 28 This signals to suppress breast cancer cell proliferation by promoting cell cycle arrest. 28 These findings suggest that in breast cancer, there is a functional relationship between NTRK1, PTPN6, and wild-type TP53 involved in regulating cell division.
Given the contradictory finding that NTRK1 mRNA is associated with good prognosis whereas activation of NTRK1 protein expression by nerve growth factor induces cell proliferation, tumor growth, and metastasis, 7, 8, 16 we asked if together expression of wild-type TP53, statistically correlates with lack of PTPN6 expression and the presence of phosphorylated NTRK1 at Y674/Y675 (NTRK1-pY674/pY675), and if this expression pattern is associated with disease-free survival of breast cancer patients. Confirmation of this novel pathway could potentially lead to its use as a predictive biomarker of good prognosis and a target in drug discovery.
As most breast cancers express wild-type TP53, and as NTRK1 phosphorylation at Y674/Y675 induced by wild-type TP53-mediated PTPN6 repression could be associated with good patient outcome, the levels of NTRK1, NTRK1-pY674/pY675, PTPN6, and TP53 were assessed in 308 invasive breast cancers. Protein expression was demonstrated by immunohistochemistry. Levels of expression were correlated with disease-free survival at 5, 10, and 15 years. Results demonstrated that tumors expressing NTRK1-pY674/pY675 together with wild-type TP53 and undetectable or low levels of PTPN6 were associated with improved disease-free survival. A similar result was obtained in estrogen receptorpositive and luminal A tumors. Furthermore, the presence of NTRK1-pY674/pY675 was an independent predictor of prolonged 5, 10, and 15 years' disease-free survival by multivariate analysis when parameters were adjusted for estrogen receptor, progesterone receptor, and human epidermal growth factor receptor 2, histological grade, and metastatic node. Moreover, overexpression of PTPN6 and TP53 was associated with poor disease-free survival. These findings strongly suggest that the presence of NTRK1-pY674/pY675, wild-type TP53, and low levels of PTPN6 expression, which are involved in suppression of breast cancer cell proliferation, 28 correlate with longer disease-free survival and a more favorable outcome in patients with breast cancer.
Materials and methods

Tumor Samples and DNA
A total of 308 paraffin-embedded invasive breast tumor samples, arranged in tissue microarrays were used. Three-micrometer sections from duplicate tissue microarrays containing 0.6 mm diameter cores were analyzed. For all samples, clinicopathological data were available (Breast Tissue and Data Bank, Guy's Hospital, UK). This included estrogen (ER), progesterone (PgR), and human epidermal growth factor 2 (HER2) receptor status. Genomic DNA from 53 matched tumors was also obtained. Approval for this work was given from the local NHS Research Ethics Committee.
Immunohistochemistry
Formalin-fixed paraffin-embedded sections were dewaxed in xylene and taken to water. Antigen retrieval was achieved using the Pascal pressure heating chamber with Dako Citrate Buffer (pH 6.02) for 2 min. The following antibodies were then applied for 40 min at room temperature; TP53 PAb DO-7 monoclonal antibody, 1:100, Dako, Denmark; PTPN6 polyclonal antibodies, 1:1500, Santa Cruz NTRK1-pY674-pY675, PTPN6, and TP53 in breast cancer Biotechnology, USA; NTRK1 Trk-B3 antibody, 1:800 dilution, Santa Cruz Biotechnology, USA; and phosphorylated NTRK1-pY674/pY675 polyclonal antibodies, 1:50 dilution, ABgent, USA. Ki-67 was detected with monoclonal MIB-1 antibody, 1:75 dilution, Dako, Denmark. Sections were then rinsed with phosphate-buffered saline and incubated with blocking substrate buffer (Dako, Denmark). Following a further rinse, bound antibodies were detected using the Envision/HRP kit (Dako, Denmark). Sections were subsequently rinsed in tap water and counterstained with hematoxylin and then were viewed under the microscope (Leica DM LB, Germany) and images captured with a CoolSNAP Pro camera using the QCapture Pro program.
Genomic DNA Sequencing
Genomic DNA extracted from frozen tumor samples was subjected to polymerase chain reaction to amplify exons 5 and 6, and exons 7 and 8 of the TP53 gene. High fidelity Pfu DNA polymerase with proof reading ability was used (Promega, UK). The primers for the region encoding exons 5 and 6 were: forward (5 0 -CTG TTC ACT TGT GCC CTG ACT TTC-3 0 ) and reverse (5 0 -TAG GGA GGT CAA ATA AGC AGC AGG A-3 0 ). Primers for the region encoding exons 7 and 8 were: forward (5 0 -CAC TGG CCT CAT CTT GGG CCT-3 0 ) and reverse (5 0 -CCC CCT GAT GCA AAT GCC CCA-3 0 ). The conditions of the polymerase chain reaction for regions encoding exons 5 and 6, and exons 7 and 8 were: an initial step of 95 1C for 5 min followed by 35 cycles using the parameters: 95 1C for 30 s for the denaturation stage, an annealing stage for 40 s at 58 1C for the region encoding exons 5 and 6, and 66 1C for the region encoding exons 7 and 8, and an elongation stage at 72 1C for 8 min. Polymerase chain reaction was carried out using Robocycler Gradient 96 Temperature (Stratagene, UK). The amplified polymerase chain reaction products were sequenced at the National History Museum (London, UK).
Statistical Analysis
For TP53, PTPN6, NTRK1, and phosphorylated NTRK1, expression was assessed as absent, weak, moderate, or strong and denoted as 0, 1, 2, and 3. The scoring system was based on the method described by Dowsett et al. 29 Ki-67 was scored by counting the number of positive cells out of 100 cells. Ki-67 expression present in 10% or more tumor cells was denoted as 1 and in fewer than 10% of cells was denoted as 0. Scoring was independently carried out by three of the authors (GY, XM, and CG).
The data set was stratified by hormone and growth factor receptor status, such as luminal A (ER and PgR positive, and HER2 negative) and luminal B tumors (ER and PgR positive, and HER2 positive).
Tumors were also stratified by tumor grade, ER status, and wild-type TP53 expression, respectively.
Analysis for 5-, 10-, and 15-year disease-free survival was performed to determine the prognostic significance of NTRK1-pY674/pY675 and wild-type TP53 together with low levels or absence of PTPN6 expression. Disease-free survival was defined as the time of first breast cancer diagnosis to the time of recurrence or death. Recurrent disease included; local, to the contralateral breast, and metastasis. Cumulative survival probabilities (survival function) for the different levels of expression were estimated by the Kaplan-Meir method. The Logrank test was used to determine the statistical significance of the differences between the survival functions. Univariate and multivariate analyses were used to generate a Cox regression hazard ratio model. Pearson's w 2 test and Fisher's exact test were used to correlate the expression of PTPN6 with histological tumor grade. A 95% confidence interval and a P-value of 0.05 or less was deemed significant. The data were summarized and where appropriate, grouped when the frequency of some subcategories was low. SPSS Statistics (version 17.0) and STATA software (version 11.1) were used to perform the statistical analysis.
Results
Clinicopathological Parameters and Patient Outcome
The clinicopathological parameters of the patients and samples are described in Supplementary  Table S1 . Histological features were reviewed by Dr Rosemary Millis and Professor Sarah Pinder (King's College, London). None of the patients received neo-adjuvant treatment. The age of participants ranged from 45-87 years (mean ¼ 68.0, standard deviation ¼ 12.5). The follow-up time from the date of histological diagnosis until the date of last medical assessment or date of death had a mean time of 9.5 years (standard deviation ¼ 6.0). One-hundred and thirty-six (44%) patients had a favorable disease-free survival outcome without recurrence, whereas 172 (56%) patients died or had recurrence. Although, clinicopathological data are available for 308 samples, it was not possible to analyze all samples as some cores in the tissue microarrays were missing.
Expression of PTPN6, TP53, Non-Phosphorylated and Phosphorylated NTRK1 at Y674/Y675, and Ki-67 in Breast Cancer Tumors Antibodies and immunohistochemical staining techniques of formaldehyde-fixed and paraffin-embedded tissue for NTRK1, NTRK1-pY674/pY675, PTPN6, and TP53 are well established and have been shown to be specific. [30] [31] [32] [33] [34] [35] [36] [37] [38] The frequencies of expression intensities for NTRK1, NTRK1-pY674/ pY675, SHP-1, TP53, ER, HER2, PgR, and Ki-67 are summarized in Supplementary Table S2 .
Given that it was important to assess the presence of NTRK1-pY674/pY675, it was critical to determine whether the breast cancer tissue samples expressed NTRK1. Figure 1 shows that NTRK1 was expressed as a punctuate pattern in the cytoplasm and the membrane as described by reports analyzing the internalization and retrograde transport of NTRK1 toward the cell bodies of neurons. 39, 40 Strong expression was detected in 172 (56%) samples, whereas 84 (27%) and 38 (12%) samples showed moderate and weak levels, respectively. No NTRK1 expression was seen in 7 (2%) cases (Supplementary Table S2 ).
The presence of NTRK1-pY674/pY675 was detected primarily in the membrane as described by other groups. 37, 38 Strong staining was seen in 30 (13%) tumors, moderate in 53 (23%), and weak in 70 (30%) samples, respectively. No NTRK1-pY674/ pY675 expression was detected in 82 (35%) tumors (Supplementary Table S2 ).
In agreement with the previous findings, PTPN6 expression was predominantly located in the cytoplasm. 26, 27 High levels of cytoplasmic PTPN6 protein was detected in 30 (11%) tumors, moderate in 84 (29%), and weak in 112 (39%) tumors. No PTPN6 was detected in 59 (21%) samples (Supplementary Table S2 ).
TP53 was localized preferentially in the nucleus. However, cytoplasmic expression was also detected as described by former studies. 21, 22, 41 One-hundred and twenty-four (41%) tumors had undetectable levels of TP53 in the nucleus. TP53 was detected in the nucleus at strong, moderate, and low intensities in 33 (11%), 46 (15%), and 100 (33%) cases, respectively. Two-hundred and forty-eight (82%) had undetectable levels of TP53 in the cytoplasm. Figure 1 Immunohistochemical analysis of non-phosphorylated and phosphorylated NTRK1 at Y674/Y675, PTPN6, and TP53 in breast cancer tumor samples. (a) Detection of wild-type TP53, PTPN6, NKTRK1, and phosphorylated NTRK1 at Y674/Y675. Immunostaining of wild-type TP53 showed low levels of wild-type TP53 expression in the nucleus and cytoplasm. PTPN6 was absent or present at low levels in the cytoplasm. NTRK1 was expressed as a punctate pattern, primarily, in the cytoplasm. Phosphorylated NTRK1 at Y674/Y675 was present in the cell membrane. (b) Detection of mutant TP53, PTPN6, NTRK1, and phosphorylated NTRK1 at Y674/Y675. Strong expression of mutant TP53 was observed in the nucleus. Strong levels of PTPN6 were detected in the cytoplasm. NTRK1 was expressed as a punctate pattern, primarily, in the cytoplasm. Phosphorylated NTRK1 at Y674/Y675 was not detected in the cell membrane. Photographs were taken at Â 10 and insert at Â 40 magnification, respectively using a Leica microscope.
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There was a lack of tumors with strong cytoplasmic TP53 expression; however, 42 (14%) had moderate expression and 12 (4%) had weak levels. In 111 cases, TP53 was not detected together in the nucleus and cytoplasm (Supplementary Table S2) .
Importantly, NTRK1-pY674/pY675 was observed in tumors that expressed low or undetectable TP53 and PTPN6 ( Figure 1a ) and was not seen in tumors that expressed high levels of these two proteins ( Figure 1b) . These results suggest that NTRK1-pY674/pY675 together with low or undetected levels of TP53 and PTPN6 can be present in breast tumor samples.
Association of PTPN6, TP53, and Phosphorylated NTRK1 at Y674/Y675 with Disease-free Survival
To investigate whether expression of NTRK1-pY674/pY675 and low or undetectable levels of PTPN6 and TP53 could have prognostic significance, multivariate analysis adjusted for ER, HER2, PgR, node status, and Ki-67 expression was performed for 5, 10, and 15 years' disease-free survival (Table 1 ). Patients whose tumors had any level of NTRK1-pY674/pY675 expression showed significantly improved survival compared with those who had none by 67% (hazard ratio ¼ 0.33, P ¼ 0.003), 53% (hazard ratio ¼ 0.47, P ¼ 0.013), and 48% (hazard ratio ¼ 0.52, P ¼ 0.037), respectively. Samples with strong PTPN6 expression had hazard ratios of 1.53, 1.19, and 1.25, respectively, suggestive of an association with shorter diseasefree survival. However, the P-values were greater than 0.05. Moderate cytoplasmic TP53 expression was associated with shorter 5-, 10-, and 15-year disease-free survival with hazard ratios of 1.90 (P ¼ 0.296), 2.94 (P ¼ 0.033), and 3.24 (P ¼ 0.016), respectively. Patients with strong levels of nuclear TP53 in their tumor showed a trend toward shorter disease-free survival with hazard ratios of 1.61, 1.35, and 1.31, respectively; however, the P-values were greater than 0.05. These results suggest that the presence of NTRK1-pY674/pY675 is associated with longer disease-free survival and overexpression of PTPN6 and TP53 is associated with reduced disease-free survival.
In order to assess whether our variables remained significant in the presence of other key histological NTRK1-pY674-pY675, PTPN6, and TP53 in breast cancer G Youssef et al biomarkers, we included ER (a good predictive marker 42, 43 ), PgR (a marker that is considered to participate with ER to provide an additional positive prediction in ER-positive tumors 43, 44 ), and HER2 status (a marker of poor predictive outcome 45, 46 ) in the multivariate analysis ( Table 1 ). The presence of ER showed a trend toward improved 5, 10, and 15 years' disease-free survival by 41% (hazard ratio ¼ 0.59, P ¼ 0.158), 27% (hazard ratio ¼ 0.73, P ¼ 0.325), and 12% (hazard ratio ¼ 0.88, P ¼ 0.655), respectively. Whereas, and as expected, HER2-positive status was associated with reduced disease-free survival with hazard ratios of 2.16 (P ¼ 0.041), 1.61 (P ¼ 0.129), and 1.60 (P ¼ 0.104), respectively. PgR expression showed a modest trend toward improved disease-free survival with hazard ratios of 0.95, 0.90, and 1.02, respectively. Also, the presence of one or more positive axillary nodes was associated with poor disease-free survival with increased hazard ratios of 1.91 (P ¼ 0.042), 1.98 (P ¼ 0.008), and 1.86 (P ¼ 0.007).
Elevated PTPN6 expression has been shown to be associated with high tumor grade. 27 Interestingly, when histological grade was included in the multivariate analysis, the hazard ratios of PTPN6 were perturbed (Supplementary Table S3 ). The hazard ratio of 5, 10, and 15 years' disease-free survival was reduced from 1.54 to 1.35, 1.19 to 0.97, and 1.25 to 1.01, respectively, which is indicative of a positive correlation between histological grade and PTPN6 expression. These findings are further supported by the Spearman's rank test (rank ¼ 0.151, P ¼ 0.015) and Pearson's w 2 test (correlation ¼ 0.153, P ¼ 0.013), which show that high levels of PTPN6 correlate with high histological grade. Importantly, as shown in Supplementary Table S4 , when the data set is stratified for grade III tumors, high PTPN6 expression showed a trend toward a lower NTRK1-pY674-pY675, PTPN6, and TP53 in breast cancer disease-free survival when correlated to the unstratified data set, with hazard ratios of 2.44 (P ¼ 0.094), 2.11 (P ¼ 0.123), and 2.36 (P ¼ 0.055), respectively. Interestingly, the hazard ratios of NTRK1-pY674/ pY675 were not affected when histological grade was included in the multivariate analysis. This suggests that NTRK1-pY674/pY675 is an independent predictor of improved disease-free survival regardless of whether histological grade is included in the multivariate analysis (Supplementary Figure S3) .
Wild-type TP53 is expressed at low or undetectable levels in breast cancer cells. [47] [48] [49] [50] Thus, in order to determine whether NTRK1-pY674/pY675 together with undetectable or low levels of PTPN6 and TP53 expression are associated with improved disease-free survival, tumors showing together this NTRK1-pY674/pY675, PTPN6, and TP53 expression pattern were analyzed as they meet the conditions described by Montano. 28 Tumors meeting these conditions were denoted as 1 and others were denoted as 0. As seen in Table 2 , multivariate analysis showed this expression pattern to be an independent predictor of improved 5-, 10-, and 15-year disease-free survival by 48% (hazard ratio ¼ 0.52, P ¼ 0.021), 36% (hazard ratio ¼ 0.64, P ¼ 0.049), and 37% (hazard ratio ¼ 0.63, P ¼ 0.029) when ER, HER2, PgR, nodal status, and Ki-67 expressions were included. From 308 samples, this pattern was present in 135 and absent in 130 samples. Information was not available for 40 cases. These results strongly suggest that reduced or lack of PTPN6 and TP53 levels, together with the presence of NTRK1-pY674/ pY675 are associated with longer disease-free survival.
Analysis of TP53 Gene and Correlation with Phosphorylated NTRK1 at Y674/Y675
Given that immunohistochemical staining of TP53 does not differentiate between wild-type and mutant forms of the gene, exons 5-8 were sequenced. These were chosen, as they undergo a high frequency of mutations. [11] [12] [13] DNA sequencing was performed in polymerase chain reaction-amplified regions from genomic DNA from 53 available tumor samples. Wild-type and mutant TP53 were present in 45 (85%) and 8 (15%) samples, respectively, which is consistent with the previous studies reporting mutation frequencies in breast cancer tumors of 20-30%. [11] [12] [13] [51] [52] [53] Univariate analysis was performed for 3 and 5 years' disease-free survival. As only 45 tumors expressed wild-type TP53, it was not possible to undertake the analysis for 10 and 15 years' disease-free survival. Univariate analysis ( Supplementary Table S5 ) revealed that wild-type TP53 and NTRK1-pY674/pY675 had a trend toward improved 3-and 5-year disease-free survival by 84% (hazard ratio ¼ 0.16) and 73% (hazard ratio ¼ 0.27), respectively; however, the P-values were greater In order to explore whether tumors that express wild-type TP53 together with NTRK1-pY674/pY675 and low or lack of PTPN6 expression are associated with favorable disease-free survival, univariate analysis for tumors expressing wild-type TP53 and low or lack of PTPN6 levels together with NTRK1-pY674/pY675 was carried out. As seen in Supplementary Table S5 , results showed a trend toward good 3 and 5 years' disease-free survival by 41% (hazard ratio ¼ 0.59, P ¼ 0.425) and 29% (hazard ratio ¼ 0.71, P ¼ 0.557), respectively. Although the P-values were greater than 0.05, these findings suggest that in wild-type TP53 encoding tumors, NTRK1-pY674/pY675 and PTPN6 trends in a similar way to the analysis performed in the full database shown in Table 2 .
Phosphorylated NTRK1 at Y674/Y675 and PTPN6 Expression in Estrogen Receptor-Positive Tumors
Reports have established that estrogen receptor expression strongly correlates with the presence of wild-type TP53 in breast cancer tumors. 42, 54, 55 Based on this key finding and given that DNA from only 53 samples was sequenced, it was inferred that estrogen receptor-positive tumors in our data set expressed wild-type TP53.
Multivariate analysis (Table 3 ) adjusted for HER2, PgR, node status, and Ki-67 identified NTRK1-pY674/pY675 as an independent predictor of improved 5-, 10-, and 15-year disease-free survival by 77% (hazard ratio ¼ 0.23, P ¼ 0.001), 66% (hazard ratio ¼ 0.34, P ¼ 0.002), and 54% (hazard ratio ¼ 0.46, P ¼ 0.013), respectively. Elevated PTPN6 expression, independently, predicted poor survival with increased hazard ratios of 2.60 (P ¼ 0.029), 2.07 (P ¼ 0.069), and 2.13 (P ¼ 0.040). In the case of HER2, there was a trend for reduced disease-free survival with hazard ratios of 2.19, 1.54, and 1.43 respectively. However, HER2 did not independently predict poor survival outcome (p40.05). Moreover, and as expected, nodal status was an independent predictor of poor survival with hazard ratios of 2.83 (P ¼ 0.008), 2.61 (P ¼ 0.002), and 2.31 (P ¼ 0.002), respectively. These results suggest that in estrogen receptor-positive tumors, NTRK1-pY674/pY675 expression is associated with improved disease-free survival, whereas elevated PTPN6 expression is associated with poor diseasefree survival. HER2, high tumor grade, and the presence of metastatic nodes also correlate with reduced disease-free survival. Overall, these results suggest that in estrogen receptor-positive tumors, [55] [56] [57] [58] [59] These studies have also shown that in a given population, the incidence of luminal A tumors is 48-58%, luminal B tumors is 19-25%, triple negative tumors is 11-23%, and HER2-positive tumors is 5-11%. [55] [56] [57] [58] [59] Based on this type of classification, analysis of the frequencies of the sub-groups in our data set has shown that 129 (50%) are luminal A, 75 (29%) are luminal B, 37 (14%) are triple negative, and 15 (6%) are HER2-positive tumors. There was insufficient information for 52 samples to classify them into one of the sub-groups, as either ER, PgR, or HER2 expression data were not available.
As luminal A tumors are associated with good clinical outcome 57, 58 and presence of wild-type TP53, 60 multivariate analysis was carried out for NTRK1-pY674/pY675 and PTPN6 expression. As shown in Table 4 , results revealed that NTRK1-pY674/pY675 was associated with improved 5, 10, and 15 years' disease-free survival by 65% (hazard ratio ¼ 0.35, P ¼ 0.056), 59% (hazard ratio ¼ 0.41, P ¼ 0.039), and 54% (hazard ratio ¼ 0.46, P ¼ 0.039), respectively. High levels of PTPN6 trended toward a lower disease-free survival by 2% (hazard ratio ¼ 1.02), 63% (hazard ratio ¼ 1.63), and 64% (hazard ratio ¼ 1.64); however, the P-values were greater than 0.05. These results suggest that in luminal A tumors, NTRK1-pY674/pY675 is associated with good disease-free survival. Based on the a5nalysis of PTPN6 expression, it can be inferred that undetectable and low levels of PTPN6 are also associated with improved disease-free survival.
Expression of Phosphorylated NTRK1 at Y674/Y675 together with Low or Lack of PTPN6 Expression in Estrogen Receptor-Positive Tumors
In order to statistically correlate together NTRK1-pY674/pY675, and lack of PTPN6 and wild-type TP53 expression in estrogen receptor-positive tumors, a multivariate analysis adjusted for tumor grade, metastatic nodal status, HER2, PgR, and Ki-67 was undertaken. As indicated previously, it was reasoned that estrogen receptor-positive tumors code for wild-type TP53. As shown in Table 5 , results revealed that together NTRK1-pY674/pY675 and undetectable or low levels of PTPN6 and TP53 were associated with improved 5-, 10-, and 15-year disease-free survival by 66% (hazard ratio ¼ 0.34, P ¼ 0.002), 70% (hazard ratio ¼ 0.30, Po0.001), and 76% (hazard ratio ¼ 0.24, Po0.001), respectively. Of the adjusted parameters, only node status was an independent predictor of survival with hazard ratios of 2.21 (P ¼ 0.026), 2.37 (P ¼ 0.003), and 1.97 (P ¼ 0.007), respectively. Using the Kaplan-Meir method (Figure 2a) , it was estimated that tumors with this expression pattern had 59% probability of 15 years disease-free survival with a median survival time of over 15 years. Whereas in its absence, the chance of survival was reduced to 7% with a median survival time of 4.5 years. This difference was statistically significant (Po0.001) as identified by Log-rank analysis. These results strongly suggest that in estrogen receptor-positive tumors, the presence of NTRK1-pY674/pY675 and lack or low levels of PTPN6 is associated with improved disease-free survival. Giving that it was reasoned that estrogen receptor-positive tumors express wild-type TP53, these results suggest that together wild-type TP53, NTRK1-pY674/pY675, and low or lack of PTPN6 expression are associated with improved disease-free survival.
Expression of Phosphorylated NTRK1 at Y674/Y675 together with Wild-Type TP53 and Low or Lack of PTPN6 Expression in Luminal A Tumors
In order to assess the relationship between NTRK1-pY674/pY675, PTPN6 and wild-type TP53 in luminal A tumors, a similar analysis to the one conducted with estrogen receptor-positive tumors was undertaken. As shown in Table 6 , in luminal A tumors, analysis of NTRK1-pY674/pY675 together with low or lack of PTPN6 expression revealed a significant association with improved 5, 10, and 15 years' disease-free survival by 71% (hazard ratio ¼ 0.29, P ¼ 0.008), 75% (hazard ratio ¼ 0.25, P ¼ o0.001), and 79% (hazard ratio ¼ 0.21, P ¼ o0.001), respectively. There was a 61% probability of survival in the presence of these variables compared with only 6% survival in its absence (Po0.001, Figure 2b ). The median survival time was 15 years in tumors where this protein expression pattern was present compared with 3 years in samples where it was absent. These results strongly suggest that NTRK1-pY674/pY675 together with low or lack of PTPN6 expression in luminal A tumors provide an independent and additional prediction factor of survival outcome. Moreover, as luminal A tumors express wild-type TP53, 58,60 from these results it can be inferred that together wild-type TP53, NTRK1-pY674/pY675, and low or lack of PTPN6 expression are associated with improved disease-free survival.
Discussion
Results show that the presence of NTRK1-pY674/ pY675 together with undetectable or low PTPN6 and TP53 expression is associated with improved 5-, 10-, and 15-year disease-free survival in this study of 308 patients. This is the first investigation that associates NTRK1-pY674/pY675 with disease-free survival in the context of wild-type TP53 and undetectable or low expression of PTPN6. Importantly, NTRK1-pY674/pY675 was predictive of longer disease-free survival, whereas PTPN6 and TP53 overexpressions were predictive of reduced disease-free survival. These results were also seen in estrogen receptorpositive and luminal A tumors. These findings are significant, as they demonstrate that components of this novel mechanism of NTRK1-Y674/Y675 phosphorylation 28 offer a potential target for therapy for breast cancer patients. Prior examination of NTRK1 in breast cancer has revealed that nerve growth factor activates NTRK1 to promote cell proliferation, tumor growth, and metastasis. 7, 8, 16 Paradoxically, NTRK1 mRNA has been shown to be associated with prolonged survival in breast cancer 6 while tumors expressing nerve growth factor are a predictor of poor diseasefree survival. 9, 16 Given the contradictory nature of these results and that our previous findings demonstrate a ligand-independent mechanism of NTRK1-Y674/Y675 phosphorylation, via wild-type TP53-dependent repression of PTPN6 expression, leading to suppression of breast cancer cell proliferation, 28 our laboratory has focused on investigating the presence of the members of this mechanism in breast cancer tumors.
We have demonstrated that NTRK1-pY674/pY675 was significantly and independently predictive of good 5-, 10-, and 15-year disease-free survival in a multivariate analysis that included PTPN6 and TP53, adjusted for ER, PgR, HER2, and Ki-67 expression, and nodal status. This suggests that the presence of NTRK1-pY675/pY675 together with low or lack of TP53 and PTPN6 levels is a predictor of improved disease-free survival. Importantly, NTRK1-pY674/pY675 did not show any significant association with disease-free survival in the univariate analysis (data not shown), which is indicative of the importance of the role of NTRK1-pY674/ pY675 in the context of TP53 and PTPN6. This is expected based on our previous finding regarding the relationship between NTRK1-pY674/pY675, PTPN6, and TP53 in breast cancer. 28 Analysis of NTRK1-pY674/pY675 together with PTPN6 in 45 tumors with known wild-type TP53 genotype status showed a trend toward improved survival. However, the P-values were greater than 0.05, which may reflect the low numbers of samples analyzed. Given that it has been revealed that estrogen receptor-positive tumors express wildtype TP53, 45, 56, 57 we explored the expression of NTRK1-pY674/pY675 and PTPN6 in estrogen receptor-positive tumors. The predictive value of NTRK1-pY674/pY675 together with low levels of PTPN6 followed the same trends as the multivariate analysis of the unstratified data set. Furthermore, the presence of NTRK1-pY674/pY675 together with low or undetectable levels of PTPN6 was estimated, using the Kaplan-Meir method, to have a 59% survival at 15 years' disease-free survival with a median survival time of 15 years. This compared with only 7% survival with a median survival time of 4.5 years when this expression pattern was absent (Figure 2a) .
Recent attention has focused on classifying breast tumors by their hormone receptor and HER2 status, and molecular profile. [55] [56] [57] [58] Luminal A tumors are associated with wild-type TP53, low histological tumor grade, negative node, low-cell proliferation, and improved disease-free survival. [55] [56] [57] [58] Analysis of NTRK1-pY674/pY675 and low or undetectable levels of PTPN6 and TP53 in luminal A tumors, showed association with improved 15-year diseasefree survival by 79% in the multivariate analysis (Figure 2b) . Moreover, Kaplan-Meir estimates demonstrated a 61% probability of 15 years' diseasefree survival with a median survival time exceeding 15 years compared with only a 6% probability of 15 years' disease-free survival and a median survival time of 3 years in its absence. Similar observations were seen in luminal B tumors. In this small subset of tumors, univariate analysis for NTRK1-pY674/Y675 and low levels of TP53 and PTPN6 (Supplementary Table S6 ) revealed a trend toward improved 5 and 10 years' disease-free survival by 64% (hazard ratio ¼ 0.36, P ¼ 0.081) and 60% (hazard ratio ¼ 0.40, P ¼ 0.058), respectively. This expression pattern was associated with a 70% (hazard ratio ¼ 0.30, P ¼ 0.007) 15 years' disease-free survival. Kaplan-Meir estimates (Supplementary Figure S1) showed that luminal B tumors harboring this expression pattern were associated with a 51% probability of 15 years' disease-free survival and a median survival time of 14.5 years, compared with when it was absent in which there was association with a 35% probability of 15 years' disease-free survival and a median survival time of 7 years.
Although the consensus in the p53 field is that low TP53 expression is associated with wild-type TP53, [47] [48] [49] [50] it is important to indicate that DNA of all tumor samples needs to be sequenced in order to correlate the presence of wild-type TP53 with PTPN6 and NTRK1-pY674/pY675 in our data set.
Yip et al 26 have previously detected high PTPN6 mRNA expression in primary breast cancer tumors. Insabato et al 27 reported that PTPN6 protein expression correlates with grade III in 7% of breast tumors. 27 This investigation has shown that PTPN6 overexpression was an independent predictor of poor 5, 10, and 15 years' disease-free survival in estrogen receptor-positive tumors with hazard ratios of 2.60 (P ¼ 0.029), 2.07 (P ¼ 0.069), and 2.13 (P ¼ 0.040), respectively. These findings together with results showing a correlation between high PTPN6 levels and grade III by Pearsons w 2 (correlation ¼ 0.153, P ¼ 0.013) and Spearman's rank (rank ¼ 0.151, P ¼ 0.015) support the findings of Insabato et al. 27 This investigation has demonstrated that breast cancer tumors expressing NTRK1-pY674/pY675 together with low or undetectable levels of TP53 and PTPN6 are strongly associated with improved 5, 10, and 15 years' disease-free survival. These observations support an important role for the mechanism of NTRK1-Y674/Y675 phosphorylation in suppressing breast cancer cell growth that our laboratory has previously identified. 28 This potentially provides an attractive therapeutic target where a chemical compound that induces phosphorylation of NTRK1 at tyrosines 674/675 could be investigated for possible treatment, similarly to CPPy and gambogic amide, which have been shown to phosphorylate NTRK1 at Y490 and are possible candidates for the treatment of neuroblastoma and stroke, respectively. 61, 62 Given that activation of signal transduction pathways via NTRK1-pY674/pY675 involve the activation of the adaptors, SHB-2, APS GRB-2 and FRS-2, 63-65 it will be important to address the transcriptomic and proteomic landscapes of tumors with this mechanism compared with tumors where this mechanism is absent. This question is currently being addressed by our group. Despite decades of research, breast cancer remains one of the most prominent causes of mortality for women in the world. The NTRK1-pY674/pY675, PTPN6, wildtype TP53 mechanism 28 provides a potentially novel candidate for therapeutic intervention. 
